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Abstract  
A non-electronic lifetime indicator for packaging has been developed using a colour reaction and 
diffusion in microchannels. It uses oxygen uptake in polymers after an originality seal is broken by 
manipulation or regular opening. The oxygen triggers a colour change that is made visible after desired 
timing period at corresponding diffusion lengths. This timing sensor was realized within a microchannel 
suitable for packaging cap. Rigorous design was based on modeling the diffusion – reaction equation and 
experimentally determined diffusion coefficients. To achieve appropriate functionality, temperature 
effects must be compensated using nanofunctioned materials as well as substrate diffusion of other gases 
like water. The methodology and design rules are generalized for microfluidics packaging. 
© 2011 Published by Elsevier Ltd. 
Keywords: timing sensor, oxygen diffusion, oxygen indicator, modelling, polymer 
1. Introduction 
Freshness and safety of consumer goods as food, drugs or cosmetics play an increasingly important 
role for consumers. Modified atmosphere packaging (MAP) i.e. without oxygen was established as a 
standard technology with the result that the shelf life of many products could be extended [1,2]. From the 
other side there exist any easy and cheap sensors which can show the useful lifetime after opening a 
packaging. To monitor the freshness of the products after opening, time indicators based on diffusion and 
reaction of reduced dye e.g.: methylene blue with oxygen can be used [5]. For an application it is 
important that the sensor can be embedded into a polymer that can be integrated into existing 
manufacturing processes.   
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2. Experimental 
The timing sensor based on oxygen diffusion in polymer consists of a colorimetric redox – indicator 
(riboflavin and methylene blue) and a polymer matrix – polyvinyl alcohol (Mowiol 6-98) as a carrier for 
the system.  
Upon contact of the activated indicator with oxygen is leuco methylene blue (LMB), reacts to 
methylene blue (MB). Because in the reaction oxygen is consumed, the reaction has to be incorporated by 
setting the sensor. At first the reaction of LMB to methylene blue [4] was measured for various initial 
oxygen concentrations without limitation by diffusion in water. To determine the kinetic parameters of
the reaction, the stopped-flow spectrometer (SX20, AppliedPhotophysics) was used. In the stopped-flow 
method a rapid mixing of the reactants can be achieved and a large number of measurements at short 
intervals can be recorded. 
The diffusion process of oxygen in polyvinyl alcohol/water system can be followed by measuring the 
absorption of methylene blue [5] or by measuring the diffusion distance [6]. The films are prepared by 
solving of PVA with the indicator in water and placing of the mixture on a glass substrate using 
drawdown rod. For a visible color change water is needed that can be set by relative humidity ĳ. The 
correlation between ĳ and water content in PVA is described by vapour-liquid data [3]. The system was 
activated by UV – light and stays colourless in the absence of oxygen. 
3. Modeling 
In order to determine the oxygen diffusion, a model based on Fick's second law and the reaction 
(Equation 1) is proposed. In that model the diffused oxygen is consumed by a reaction in a microchannel. 
That model was developed and successfully solved using the finite element method (FEM) in 
COMSOL. Therefore, the general diffusion-reaction equation that provides the change in oxygen 
concentration depending on the position and time c(x,t) is defined in the model by equation 1: 
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Where DO2 is the diffusion coefficient and R is the reaction rate. Because the reaction rate R is not a 
constant, R was defined by equation 2: 
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where n is the partial order of oxygen, m is the partial order of LMB and k is the reaction rate constant. 
The reaction parameters have to be determined experimentally and set in the model. That expression is 
valid only for positive LMB concentration defined in the model as c2. 
As a boundary condition between polymer and environment, the oxygen concentration at the interface is 
c(t=0, x=0) = c0 which provides the maximum oxygen concentration dissolved in the polymer. The initial 
oxygen concentration in the polymer at the beginning is assumed equal to zero, because the residual 
oxygen was bound by indicator during activation. On the other hand, the change in the concentration of 
LMB with the position and time is defined in the model by equation (3): 
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Because LMB is a stationary component, the diffusion coefficient DLMB is assumed to be equal to zero 
here. Thus system composed of equation 1 and equation 3 is solved in a rectangular geometry with a 
height of 1 mm and equal to 50 mm. the boundary conditions in the geometry are defined so that oxygen 
can diffuse only from one side and the other sides are impermeable to oxygen. On the surface is the 
reaction at the beginning expired and LMB is completely converted to MB. For the evaluation of the 
1219P. Marek et al. / Procedia Engineering 25 (2011) 1217 – 1220
model, first, the constants are defined. The LMB and the maximal dissolved oxygen are defined, the 
reaction order (n=1.2 and m= 0.8) and reaction rate constant are taken from kinetics measurements. The 
diffusion coefficient (DO2) can be found by adaption. Setting the DO2, the diffusion length can be 
estimated depending on time.  
4. Results and Discussion 
4.1. Design of a diffusion timing sensor 
    To design the sensor with a time indicator which changes color depending on open-time, a structure 
was integrated in a polymeric cap with an estimated length. Diffusion length and time are directly 
correlated as discussed in previous section. The desired flexibility is offered by a spiral design because it 
is possible to set the diffusion length to the desired time. To have the longest possible distance in a 
polymer cap integrated and to get the maximum delay time, a miniaturized channel was proposed. To 
avoid lateral oxygen diffusion that could falsity the diffusion length and finally the time, the diffusion 
channel should be no longer than 10 to 15 cm. To adjust the timing sensor for longer periods there 
diffusion coefficients from 10-10 to 10-11 m2s-1 are needed. 
(a)                                                                                 (b)
Fig. 1.(a) FEM simulation of a spiral model of a diffusion timing sensor: The diffusion front (grey) moves toward the 
display window located in the spiral centre. (b) The change in colour of the diffusion distance. Oxygen is diffused 
from the left side. 
4.1. Determination of diffusion coefficients 
    To determine the diffusion coefficient of oxygen in polymermatrix consists of polyvinyl alcohol, water 
and caloric indicator, the discoloration depending on length and time was measured. The curves were 
recorded in dependence of methylene blue because the reaction slows down the diffusion process. It 
should be noted, that the diffusion coefficient can be adapted only one curve and should be independent 
on reaction. In Fig. 2a is shown a diffusion distance as a time function with an estimated diffusion 
coefficient of 4.8×10-11 m2s-1. That model was verified comparing measurements and calculated curves 
for other MB concentrations, shown in Fig. 2b. The comparison of predicted curves with measuring points 
shows very good agreement. With that model it is possible to set the length of the channel for the desired 
time by changing the LMB concentration and consequently, design several sensors with different useful 
life time. The diffusion coefficient is affected only by the material or respectively by water content in the 
polymer and temperature. Since the system is closed the water content in the polymer matrix remains 
constant. Nevertheless, diffusion coefficient and the reaction depend on temperature and the dependence 
was assumed in the model. 
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                 (a)                 (b) 
Fig. 2. Measured and modelled diffusion distances as functions of time for different methylene blue (MB) 
concentrations to design microchannel length for desired timing periods. (a) Diffusion coefficient (4.8×10-11 m2s-1) 
adapted to the diffusion distance (b) Calculated curves by changing the MB concentration in the model.            
(Conditions: 25°C and ĳ=95%).
5. Conclusion  
An oxygen indicator was embedded into a polymer matrix and a timing sensor based on oxygen 
diffusion has been designed. To adjust the sensor for desired times, the diffusion distance was estimated. 
To define the diffusion distance and consequently the useful life, the oxygen diffusion was measured and 
modeled. In order to determine the oxygen diffusion, the diffusion - reaction equation was set and solved 
successfully using the FEM. The model was fitted with separately determined reaction parameters for 
system without limitation by oxygen diffusion. By using the model, it was possible to set the timing 
sensor precisely to a desired useful lifetime in dependency of indicator concentration. 
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